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Description

[0001] The presentinvention relates to a semiconduc-
tor optical device and a method of fabricating the same.
[0002] Aburied structure havingasemiconductor crys-
tal as a current-blocking burying layer is used in a sem-
iconductor optical device such as a semiconductor laser.
This structure is very important in the practical use of a
device because it has advantages such as reduction in
threshold current of a semiconductor laser due to a good
current-blocking, stabilization of an optical beam by
transverse mode control, good heat dissipation from an
active layer due to a semiconductor burying layer, and
high long-term reliability.

[0003] A directly modulated laser which is one of com-
ponents necessary for a large capacity optical transmis-
sion system is an important component as a light source
of a middle/short-distance high speed optical transmis-
sion system. Thus, reduction in cost is strongly required
for the directly modulated laser. More specifically, in or-
der to reduce the cost, it becomes necessary to operate
the directly modulated laser under an uncooled condition
in which no cooling system such as a Peltier element is
used in the mounting of the laser device, and improve
fabrication yield. Consequently, the characteristics per-
mitting the directly modulated laser to operate at a higher
temperature and at a high speed are desired.

[0004] In order that the directly modulated laser may
operate at the higher temperature and at the high speed,
it is required to reduce a capacitance of the laser device
and increase an light output power efficiency at a high
temperature. As for the principles of an operation of this
directly modulated laser, a light output power of the laser
is directly modulated by modulating an injection current
to the laser. A modulation speed is limited by a relaxation
oscillation frequency and a device capacitance of the la-
ser. The modulation speed increases as the relaxation
oscillation frequency becomes higher. In order to in-
crease the relaxation oscillation frequency, it is neces-
sary to reduce lifetime of photons and increase a differ-
ential gain and photon density.

[0005] The semiconductor buried structure is roughly
classified into buried structures using a high mesa and
alow mesa. As for the buried structure using a high mesa,
alower cladding layer, an active layer, an upper cladding
layer, and a contact layer are formed on a substrate suc-
cessively. Moreover, a high stripe-like mesa which is
about 2 pmin mesa width and about 3 pum in mesa height
is formed by using a dielectric mask, and a current-block-
ing layer is buried in both sides of the mesa to be grown,
thereby forming the buried structure using a high mesa.
[0006] On the other hand, as for the buried structure
using a low mesa, a lower cladding layer, an active layer,
and a part of an upper cladding layer are formed on a
substrate successively, and a low stripe-like mesa which
is about 2 pm in mesa width and about 1.5 pm in mesa
height is formed by using a dielectric mask. Moreover,
after a current-blocking layer is buried in the both sides
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of the mesa to be grown and the dielectric mask is then
removed, an upper over-cladding layer and a contact lay-
er are grown, thereby completing the buried structure
using a low mesa. In order to enhance the light output
power efficiency at the high temperature in the laser de-
vice such as the directly modulated semiconductor laser,
the buried structure using a low mesa is suitable for at-
taining this rather than the buried structure using a high
mesa. The reason for this is that a device resistance can
be reduced since an area of an upper electrode obtained
in the buried structure using a low mesa can take a larger
value than that in the buried structure using a high mesa.
[0007] In addition, since the buried structure using a
low mesa is low in mesa height, the burying growth for
the buried structure using a low mesa is easier than that
for the buried structure using a high mesa and thus the
irregular crystal growth hardly occurs. As a result, it is
possible to form the burying layer which is excellent in
crystal quality. However, in case of the buried structure
using a low mesa, in order to obtain the thickness of the
burying layer required to sufficiently operate the current-
blocking, the height of the surface of the burying layer
becomes higher than that of the mesa. Thus, the surface
after the burying growth is performed for the mesa has
a concavo-convex shape. When the over-cladding layer
and the contact layer are further grown on the surface
having the concavo-convex shape, the concavo-convex
shape remains on the contact layer as well. Though the
over-cladding layer is ordinarily a binary semiconductor
compound crystal, since the contact layer is ordinarily
made of a semiconductor compound alloy crystal such
a ternary or more complex alloy crystal, the composition
change of the contact layer occurs. As aresult, the lattice
mismatch is generated between the over-cladding layer
and the contact layer. Thus, there is encountered such
a problem that the degradation of the crystal quality due
to the strain is caused.

[0008] This problem causes the degradation of the in-
plane fabrication yield and run-to-run reproducibility as
well as the degradation of the device characteristics.
Thus, the concavo-convex shape before the growth of
the contact layer, i.e., after the growth of the over-clad-
ding layer needs to be flattened so as not to cause a
problem in the crystal quality of the contact layer.
[0009] In addition, the conductivity type of the sub-
strate served to the fabrication of the semiconductor op-
tical device exerts a large influence on the device char-
acteristics. A lower substrate electrode able to obtain a
large contact area is made of a p-type semiconductor
whose contact resistance is larger than that of an n-type
semiconductor, whereby the device resistance can be
reduced and thus the device characteristics can be en-
hanced. When the substrate is a p-type substrate, the
directly modulated semiconductor laser for which the
high speed operation is required has an advantage of
obtaining compatibility with an npn-type transistor circuit
whichis excellentin high speed operation. Consequently,
in the semiconductor laser device, especially, in the di-
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rectly modulated laser, the buried structure using a low
mesa on the p-type substrate is effective. Moreover, a
device structure which has excellent device characteris-
tics and with which the fabrication yield and the run-to-
run reproducibility are enhanced, and a fabrication meth-
od thereof are essential to reduction in cost of the device.
[0010] [Patent document 1] U.S.Patent No.5470785
[Non-patent document 1] A. Dadgar et al, "Ruthenium:
A superior compensator of InP", Applied Physics Letters
Vol.73, No.26, pp.3878-3880, 1998 [Non-patent docu-
ment 2] A. van Geelen et al, "Ruthenium doped higher
power 1.48 pum SIPBH laser", 11th International confer-
ence on Indium Phosphide and related materials Tubl-2,
1999

Prior art which is related to this field of technology can
be found e.g. in document US 5,822,349 disclosing a
semiconductor device and method of manufacturing the
same, document JP 03-053582 A disclosing a high re-
sistive semiconductor layer buried type semiconductor
laser, document US 5,585,309 A disclosing a method of
making semiconductor laser, document US 5,470,785 A
disclosing a method of manufacturing buried heterostruc-
ture semiconductor laser, document GEELEN VAN AET
AL: "RUTHENIUM DOPED HIGH POWER 1.48 MUM
SIPBH LASER", PROCEEDINGS OF THE 11TH INTER-
NATIONAL CONFERENCE ON INDIUM PHOSPHIDE
AND RELATED MATERIALS, MAY 16 - 20, 1999
(1999-05-16), pages 203-206, document DADGAR AET
AL: "Ruthenium: A superior compensator of InP", AP-
PLIED PHYSICS LETTERS, vol. 73, no. 26, 28 Decem-
ber 1998 (1998-12-28), pages 3878-3880, and document
EP 1 286 435 A2 disclosing a semiconductor optical de-
vice and method of manufacturing the same.

In particular, US5,822,349 discloses a semiconductor la-
ser array, each ofthe lasers having a mesa-stripe shaped
stacked body including a p-type cladding layer, an active
layer and an n-type cladding layer formed on a p type
buffer layer. Burying layers are provided on both sides
of the mesa-stripe which include, among others, a semi-
insulating Fe- doped layer and a planarizing layer con-
taining Se at a concentration of 5 X 10'9%cm-3. An n-side
cladding layer is disposed on the burying layers and the
mesa-stripe.

[0011] There is encountered such a problem that the
concavo-convex shape before the growth of the contact
layer, i.e., after the growth of the over-cladding layer must
be flattened so as not to cause a problem in the crystal
quality of the contact layer in order to provide the excel-
lent device characteristics and enhance the fabrication
yield and the run-to-run reproducibility in the buried struc-
ture using a low mesa on the p-type substrate.

[0012] Inorderto solve the above-mentioned problem,
itis provided a semiconductor optical device and a meth-
od of fabricating a semiconductor optical device accord-
ing to the independent claims. Further details are set out
in the dependent claims.

[0013]
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[FIG. 1A] FIG. 1A is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to Embodiment 1 of the present invention;
[FIG. 1B] FIG. 1B is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to Embodiment 1 of the present invention;
[FIG. 1C] FIG. 1C is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to Embodiment 1 of the present invention;
[FIG. 1D] FIG. 1D is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to Embodiment 1 of the present invention;
[FIG. 1E] FIG. 1E is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to Embodiment 1 of the present invention;
[FIG. 1F] FIG. 1F is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to Embodiment 1 of the present invention;
[FIG. 1G] FIG. 1G is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to Embodiment 1 of the present invention;
[FIG. 2A] FIG. 2A is a cross sectional view showing
a structure of a device whose degree of flattening is
measured;

[FIG. 2B]FIG. 2B is adiagram showing a relationship
between doping concentration of Se and the degree
of flattening;

[FIG. 3] FIG. 3 is a diagram showing dependence of
optical small-signal response characteristics of a di-
rectly modulated semiconductor laser on a temper-
ature;

[FIG. 4A] FIG. 4A is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 2;

[FIG. 4B] FIG. 4B is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 2;

[FIG. 4C] FIG. 4C is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 2;

[FIG. 4D] FIG. 4D is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 2;

[FIG. 4E] FIG. 4E is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 2;

[FIG. 4F] FIG. 4F is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 2;

[FIG. 4G] FIG. 4G is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 2;

[FIG. 5A] FIG. 5A is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 3;

[FIG. 5B] FIG. 5B is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 3;
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[FIG. 5C] FIG. 5C is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 3;

[FIG. 5D] FIG. 5D is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 3;

[FIG. 5E] FIG. 5E is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 3;

[FIG. 5F] FIG. 5F is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to example 3; and

[FIG. 5G] FIG. 5G is a cross sectional view showing
a process for fabricating a semiconductor device ac-
cording to exemple 3.

[0014] Hereinafter, embodiments of the presentinven-
tion will be described in detail with reference to the draw-
ings. Normally, a cross sectional configuration of adevice
after burying growth is performed for alow mesa structure
formed on a p-type substrate becomes a cross sectional
configuration having the concavo-convex shape. Thus,
with the conventional method, after an over-cladding lay-
er and a contact layer are formed, the concavo-convex
shape remains. As a result, it becomes difficult to control
the crystal quality of the contact layer using an alloy crys-
tal such as a ternary or more complex alloy crystal, which
remarkably degrades the characteristics of the device.
Thus, in embodiments, after the burying growth is per-
formed for a low mesa structure, an over-cladding layer
is used which is made of a crystal having a property for
flattening a cross sectional configuration having irregu-
larity.

[0015] The embodiments are devices having a buried
structure using a low mesa which is formed on a p-type
substrate. After a current-blocking layer is buried in both
sides of a mesa, the over-cladding layer is used which
is made of the crystal having the property for flattening
the concavo-convex shape of a surface after the burying
growth is performed for the mesa, thereby obtaining the
crystal quality of the contact layer not degrading the de-
vice characteristics. Since the over-cladding layer made
of the crystal having the property for flattening the con-
cavo-convex shape of the surface is used in the manner
described above, even when the surface having the con-
cavo-convex shape is formed after the current-blocking
layer is buried in the both sides of the mesa, the surface
of the over-cladding layer becomes flat. For this reason,
even when the contact layer is formed on the over-clad-
ding layer, it is possible to obtain the contact layer not
degrading the device characteristics.

[0016] An example of the over-cladding layer for flat-
tening the concavo-convex shape of the surface after the
burying growth is performed for the mesa is a semicon-
ductor crystal doped with selenium (Se). The over-clad-
ding layer has a large flattening effect as the concentra-
tion of Se for doping is higher. It is desirable that the
doping concentration of Se is equal to or higher than 5
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X 1018 cm-3. More specifically, ina device having a buried
structure using a low mesa which is formed on a p-type
InP substrate, an InP crystal having Se doping concen-
tration of 5 X 1018 cm-3 or more is used as the n-type
over-cladding layer, whereby the results are obtained
which are more effective in flattening. The details will be
described later with reference to Embodiment 1.

[0017] As regards the buried structure which can be
applied to the device having the buried structure using a
low mesa, there are a structure formed of only a high-
resistive burying layer using a semi-insulating semicon-
ductor crystal, a pn-type semiconductor buried structure,
and a buried structure using both a semi-insulating sem-
iconductor crystal and an n-type semiconductor crystal.
The excellent effects in the embodiments can be ob-
tained in any of those buried structures. In the three kinds
of buried structures described above, it is desirable that
a current-blocking buried structure of the device is a sim-
ple structure in order to further enhance the device char-
acteristics, in-plane fabrication yield, and run-to-run re-
producibility of the buried structure using a low mesa.
[0018] A complicated multilayer buried structure be-
comes a main factor that causes the degradation of the
device characteristics due to an increase in leakage cur-
rent, the reduction in yield within a substrate plane, and
the reduction in run-to-run reproducibility. In order to
make the current-blocking buried structure a simple
structure, preferably a structure using only a semi-insu-
lating semiconductor crystal is used. Heretofore, a sem-
iconductor crystal doped with iron (Fe) has been used
as the high-resistive burying layer using the semi-insu-
lating semiconductor crystal. However, there is encoun-
tered such a problem that Fe as the dopant and zinc (Zn)
as a dopant for the p-type semiconductor crystal causes
inter-diffusion in a burying growth interface.

[0019] As a result, since Zn deeply diffuses into a bur-
ying layer doped with Fe to degrade the semi-insulating
property of the burying layer, thereby degrading the cur-
rent-blocking property, this becomes a main factor that
causes the degradation of the device characteristics. In
recent years, it has been found out that the semi-insulat-
ing semiconductor crystal doped with Ru hardly causes
the inter-diffusion with Zn, and thus the semiconductor
laser using the semi-insulating burying layer containing
Ru as a dopant on the n-type InP substrate has been
fabricated (refer to Non-patent documents 1 and 2 for
example). Thus, when a high-resistive layer made of a
semi-insulating crystal containing Ru as a dopant is bur-
ied, a simple buried structure is realized. As a result, the
excellent effects are obtained because of enhancement
of the device characteristics, the fabrication yield, and
the reproducibility.

[0020] According to the embodiments, it is possible to
realize the excellent device characteristics, the enhance-
ment of the fabrication yield within a substrate plane, and
the satisfactory run-to-run reproducibility. In addition,
when the high-resistive layer made of the semi-insulating
crystal containing Ru as a dopant is buried, a simple bur-
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ied structure is realized. As a result, the satisfactory ef-
fects are obtained because of enhancement of the device
characteristics, the fabrication yield, and the reproduci-
bility. In particular, when the present invention is applied
to the directly modulated semiconductor laser, the cost
can be reduced.

Embodiment 1

[0021] FIGS. 1A to 1G show processes for fabricating
a semiconductor device according to a first embodiment
of the present invention. These figures are cross section-
al views of a directly modulated semiconductor DFB laser
using an MQW as an active layer. Firstly, as shown in
FIG. 1A, a Zn-doped p-type InP cladding layer 2 having
a layer thickness of 0.5 um, a nondoped-InGaAsP lower
separate confinement heterostructure (SCH) layer 3 hav-
ing a layer thickness of 0.05 um, a non-doped InGaAsP/
InGaAsP strain multiple quantum well (MQW) active lay-
er 4 having a layer thickness of 0.15 pm and having a
bandgap wavelength of 1.3 wm, and a non-doped In-
GaAsP upper separate confinement heterostructure
(SCH) layer 5 having a layer thickness of 0.05 um were
grown in order on a Zn-doped p-type InP substrate 1
having surface orientation (100) by utilizing a metal or-
ganic vapor-phase epitaxy (MOVPE) method. After a dif-
fraction grating was formed on an upper portion of the
InGaAsP upper separate confinement heterostructure
(SCH) layer 5, a Se-doped n-type InP cladding layer 6
having a layer thickness of 0.2 um was grown.

[0022] Next, as shownin FIG. 1B, a mesa stripe which
was 2 um in width and about 1.5 wm in height was formed
with SiO, as a mask 7 by utilizing reactive ion etching
(RIE). Subsequently, as shown in FIG. 1C, a Ru-doped
InP layer 8 (having a layer thickness of 3 pm) was grown
as a current-blocking layer on the substrate on both sides
of the mesa stripe by utilizing the MOVPE method. Bis
(ethylcyclopentadienyl) ruthenium (lI) was used as a
source material for Ru. A layer thickness of the Ru-doped
InP layer 8 was 3 um in a flat region (reference symbols
a, a’ in FIG. 1C) which was at a distance from a rising
buried region in the vicinity of the mesa.

[0023] As shown in FIG. 1D, when the mask 7 made
of SiO, was removed, a V-shaped-like groove having a
depth of 1.5 wm or more was formed. In order to flatten
this groove, as shown in FIG. 1E, an n-type InP over-
cladding layer 9 doped with Se was grown by utilizing
the MOVPE.

[0024] A description will be given with respect to con-
centration of Se with which the over-cladding layer is
doped. Kondo as one of the inventors of this application
makes it clear that as the doping concentration of Se
increases, the degree of flattening increases (refer to Pat-
ent document 1 for example). An influence of the doping
concentration of Se exerted on the degree of flattening
will be described based on this fact. The degree of flat-
tening when as shown in FIG. 2A, a Zn-doped p-type InP
(102) having a layer thickness of 1.0 wum was grown over
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a mesa 101 which was 2.1 pm in width and 1.0 pm in
height, and a Se-doped n-type InP (103) having a layer
thickness of 0.8 wm was further grown was measured.
A layer thickness of the Se-doped n-type InP (103) over
the mesa is assigned d, a layer thickness of a flat region
at a distance from the mesa is assigned dg, and the de-
gree of flattening is assigned d/d,. That is, this means
that the degree of flattening is higher as d/d; becomes
smaller.

[0025] FIG. 2B shows a relationship between the dop-
ing concentration of Se and the degree of flattening. It is
understood that as the doping concentration of Se in-
creases, d/dq decreases and thus the degree of flattening
becomes high. Then, the doping concentration of Se at
which d/dy became equal to or smaller than 1/2 was equal
to or higher than 5 x 1018 ¢cm-3,

[0026] In this embodiment, if the layer thickness of the
n-type InP over-cladding layer doped with Se fulfills a
relationship of d/dj < 1/2, the concavo-convex shape of
the groove can be flattened while an increase in layer
thickness in the flat region is suppressed as much as
possible, and thus this process can be applied to the
fabrication of the device.

[0027] Incidentally, while the doping of Se has been
described here, it is known that with respect to sulfur (S)
and tellurium (Te) as well which belong to the same group
VI element as that of Se, as the doping concentration
increases, the degree of flattening increases.

[0028] As shown in FIG. 1E, an n-type InP over-clad-
ding layer 9 having a layer thickness of 2 pm and having
Se doping concentration of 6 X 1018 cm-3 was grown by
utilizing the MOVPE, thereby flattening the concavo-con-
vex shape after growth of the current-blocking layer.
Here, the layer thickness of the n-type InP over-cladding
layer 9 means a thickness in aflat region (reference sym-
bols a, @’ in FIG. IE) of the Ru-doped InP layer 8 at a
distance from a rising buried region thereof in the vicinity
of the mesa.

[0029] Thereafter, as shown in FIG. 1F, an n-type in-
dium gallium arsenide phosphorus (InGaAsP) contact
layer 10 having a layer thickness of 0.4 pum and contain-
ing Se as a dopant was grown by utilizing the MOVPE.
Each compound semiconductor other than that of the
active layer has composition lattice-matching with the InP
substrate unless especially notice is given.

[0030] Next, as shown in FIG. 1G, an n-type electrode
11 was formed and a p-type electrode 12 was formed on
a substrate side. Thereafter, while not illustrated in order
to reduce a capacitance of the whole device as much as
possible, the unnecessary Ru-doped InP layer 8, n-type
InP over-cladding layer 9 and contact layer 10 which were
at a distance from the mesa stripe shownin FIG. 1B were
etched away by utilizing dry etching, thereby obtaining
such a mesa structure as to include the mesa stripe. At
this time, reducing the layer thickness of the whole device
as much as possible is advantageous in that the mesa
structure is easy to optimize, the device capacitance can
be reduced, and no device characteristics are degraded.
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On the other hand, in order to reduce the device capac-
itance and reduce a forward leakage current, it is advis-
able to increase the layer thickness of the Ru-doped InP
layer 8 as the semi-insulating layer as much as possible.
Consequently, when the layer thickness of the n-type InP
over-cladding layer 9 is reduced as much as possible,
this is advantageous in enhancement of the device char-
acteristics since an increase in layer thickness of the
whole device can be suppressed. When the concavo-
convex shape of the groove is flattened, if the doping
concentration of Se is increased, so that the flattening
can be made with the thinner n-type InP over-cladding
layer 9, the effects of the present invention become more
remarkable.

[0031] FIG. 3 shows dependence of optical small-sig-
nal response characteristics of a directly modulated sem-
iconductor laser fabricated by using the method de-
scribed above on a temperature. A 3-dB bandwidth of
the semiconductor laser is about 25 GHz at a chip tem-
perature of 25°C, about 18 GHz at 85°C, and about 15
GHz at 95°C. A threshold current is about 6 mA at the
chip temperature of 25°C, and about 32 mA at 95°C. Light
output power efficiency is about 0.38 W/A at the chip
temperature of 25°C, and about 0.16 W/A at 95°C.
[0032] On the other hand, when the Se doping con-
centration of the n-type InP over-cladding layer 9 is lower
than 5 x 1018 cm-3, the flattening of the concavo-convex
shape of the surface is insufficient. As aresult, the crystal
quality of the n-type InGaAsP contact layer 10 is degrad-
ed to cause the degradation of the device characteristics.
[0033] Next, a description will be given with respect to
a case where the layer thickness of the Ru-doped InP
layer 8 is further increased. A directly modulated semi-
conductor laser was fabricated under the conditions in
which the Se doping concentration for the n-type InP
over-cladding layer 9 was set to 8 X 1018 cm-3, and the
layer thickness of the n-type InP over-cladding layer 9
was set to 1 um. At this time, the layer thickness of the
Ru-doped InP layer 8 was 4. m. A 3-dB bandwidth of
the optical small-signal response characteristics of the
directly modulated semiconductor laser was about 28
GHz at the chip temperature of 25°C, and about 17 GHz
at 95°C. The threshold current was about 5 mA at the
chip temperature of 25°C, and about 27 mA at 95°C. The
light output power efficiency was about 0.40 W/A at the
chip temperature of 25°C, and about 0.18 W/A at 95°C.
Comparing the device characteristics of this directly mod-
ulated laser with those of the directly modulated laser
shown in FIG. 3, it is understood that the device charac-
teristics are enhanced.

[0034] Moreover, a directly modulated semiconductor
laser was fabricated under the condition in which the Se
doping concentration for the n-type InP over-cladding lay-
er 9 was set to 2 X 1019 cm-3. At this time, the layer
thickness of the Ru-doped InP layer 8 was 5 um. The n-
type InP over-cladding layer 9 was hardly grown in the
flat region of the Ru-doped InP layer 8 at a distance from
the rising buried region thereof in the vicinity of the mesa,
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and thus was grown while maintaining the V-shaped-like
groove structure, thereby flattening the concavo-convex
shape. The 3-dB bandwidth of the optical small-signal
response characteristics of the directly modulated sem-
iconductor laser was about 30 GHz at the chip temper-
ature of 25°C, and about 19 GHz at 95°C. The threshold
current was about 5 mA at the chip temperature of 25°C,
and about 24 mA at 95°C. The light output power effi-
ciency was about 0.42 W/A at the chip temperature of
25°C, and about 0.20 W/A at 95°C. Comparing the device
characteristics of this directly modulated laser with those
of the directly modulated lasers described above, it is
understood that the device characteristics are further en-
hanced.

[0035] Insuchamanner, anincreaseinlayerthickness
of the Ru-doped InP layer 8 as the current-blocking layer
reduces the forward leakage current of the directly mod-
ulated semiconductor laser. Hence, the light output pow-
er efficiency increases and the device capacitance de-
creases, so that the modulation characteristics are re-
markably enhanced.

[0036] Heretofore, it has been tried to increase the lay-
er thickness of the semi-insulating layer as the current-
blocking layer to enhance the device characteristics.
However, an increase in layer thickness of the semi-in-
sulating layer made the concavo-convex shape of the
groove deep. As a result, it became difficult to bury the
over-cladding layer in the groove to flatten the concavo-
convex shape, and also the total layer thickness of the
device increased. On the other hand, if the layer thick-
ness of the over-cladding layer is further reduced, this
caused such a problem that it was more difficult to flatten
the concavo-convex shape. According to this embodi-
ment mode, the n-type InP over-cladding layer having
the Se doping concentration of 5 X 1018 cm3 or more is
used, whereby it is possible to form the thinner over-clad-
ding layer and the thicker semi-insulating layer. Hence,
itis possible to enhance the device characteristics of the
directly modulated semiconductor laser.

Example 2

[0037] FIGS. 4A to 4G show processes for fabricating
a semiconductor device according to a second example
not falling within the present invention. These figures are
cross sectional views showing a directly modulated sem-
iconductor DFB laser having an MQW as an active layer.
Firstly, as shown in FIG. 4A, a Zn-doped n-type InP clad-
ding layer 22 having a layer thickness of 0.5 wm, a non-
doped-InGaAsP lower separate confinement heter-
ostructure (SCH) layer 23 having a layer thickness of
0.05 pm, a nondoped-InGaAsP/InGaAsP strain multiple
quantum well (MQW) active layer 24 having a layer thick-
ness of 0.15 wm and having a bandgap wavelength of
1.3 wm, and a nondoped-InGaAsP upper separate con-
finement heterostructure (SCH) layer 25 having a layer
thickness of 0.05 um were grown in order on a Zn-doped
p-type InP substrate 21 having surface orientation (100)



11 EP 1750 336 B1 12

by utilizing the metal organic vapor-phase epitaxy
(MOVPE) method. After a diffraction grating was formed
on an upper portion of the InGaAsP upper separate con-
finement heterostructure (SCH) layer 25, a Se-doped n-
type InP cladding layer 26 having a layer thickness of 0.2
wm was grown.

[0038] Next, as showninFIG. 4B, a mesa stripe which
was 2 pm in width and about 1.5 wmin height was formed
with SiO, as a mask by utilizing the reactive ion etching
(RIE). Subsequently, as shown in FIG. 4C, an n-type InP
layer 28 (having a layer thickness of 0.5 pm) was grown
as a current-blocking layer and an Fe-doped InP layer
29 (having a layer thickness of 3 pm) was grown by uti-
lizing the MOVPE method. Ferrocene was used as a
source material for Fe.

[0039] As shown in FIG. 4D, when the mask 27 made
of SiO, was removed, a V-shaped-like groove was
formed. In order to flatten the concavo-convex shape of
this groove, as shown in FIG. 4E, an n-type InP over-
cladding layer 30 having a layer thickness of 2 um and
having Se doping concentration of 6 X 1018 cm3 was
grown by utilizing the MOVPE.

[0040] Thereafter, as shown in FIG. 4F, an n-type in-
dium gallium arsenide phosphorus (InGaAsP) contact
layer 31 having a layer thickness of 0.4 wm and contain-
ing Se as a dopant was grown by utilizing the MOVPE.
Each compound semiconductor other than that of the
active layer has composition lattice-matching with the InP
substrate unless especially notice is given.

[0041] Next, as shown in FIG. 4G, an n-type electrode
32 was formed and a p-type electrode 33 was formed on
the substrate side. Thereafter, the same mesa process-
ing as that in Embodiment 1 was performed.

[0042] The optical small-signal response characteris-
tics of a directly modulated semiconductor laser fabricat-
ed by using the method described above were measured.
The 3-dB bandwidth of the semiconductor laser is about
22 GHz at the chip temperature of 25°C, and about 11
GHz at 95°C. The threshold current is about 7 mA at the
chip temperature of 25°C, and about 35 mA at 95°C. The
light output power efficiency is about 0.35 W/A at the chip
temperature of 25°C, and about 0.15 W/A at 95°C.

Example 3

[0043] FIGS. 5A to 5G show processes for fabricating
a semiconductor device according to a third example not
falling within the present invention. These figures are
cross sectional views of a directly modulated semicon-
ductor DFB laser having an MQW as an active layer.
Firstly, as shown in FIG. 5A, a Zn-doped p-type InP clad-
ding layer 42 having a layer thickness of 0.5 pm, a non-
doped-InGaAsP lower separate confinement heter-
ostructure (SCH) layer 43 having a layer thickness of
0.05 wm, a nondoped-InGaAsP/InGaAsP strain multiple
quantum well (MQW) active layer 44 having a layer thick-
ness of 0.15 wm and having a bandgap wavelength of
1.3 wm, and a nondoped-InGaAsP upper separate con-
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finement heterostructure (SCH) layer 45 having a layer
thickness of 0.05 pm were successively grown on a Zn-
doped p-type InP substrate 41 having surface orientation
(100) by utilizing the metal organic vapor-phase epitaxy
(MOVPE) method. After a diffraction grating was formed
on an upper portion of the InGaAsP upper separate con-
finement heterostructure (SCH) layer 45, a Se-doped n-
type InP cladding layer 46 was grown.

[0044] Next, as shownin FIG. 5B, a mesa stripe which
was 2 pm in width and 1.5 pm in height was formed with
SiO, as a mask 47 by utilizing the reactive ion etching
(RIE). Subsequently, as shown in FIG. 5C, a p-type InP
layer 48 (having a layer thickness of 0.6 um), an n-type
InP layer 49 (having a layer thickness of 0.6 um), and a
p-type InP layer 50 (having a layer thickness of 0.6 pm)
were successively grown as a current-blocking layer on
the both sides of the mesa stripe by utilizing the MOVPE
method.

[0045] As shown in FIG. 5D, when the mask 47 made
of SiO, was removed, a V-shaped-like groove was
formed. In order to flatten the concavo-convex shape of
this groove, as shown in FIG. 5E, an n-type InP over-
cladding layer 51 having a layer thickness of 2 pm and
having Se doping concentration of 6 X 1018 cm=3 was
grown by utilizing the MOVPE.

[0046] Thereafter, as shown in FIG. 5F, an n-type in-
dium gallium arsenide phosphorus (InGaAsP) contact
layer 52 having a layer thickness of 0.4 pum and contain-
ing Se as dopant was grown by utilizing the MOVPE.
Each compound semiconductor other than that of the
active layer has composition lattice-matching with the InP
substrate unless especially notice is given.

[0047] Next, as shownin FIG. 5G, an n-type electrode
53 was formed and a p-type electrode 54 was formed on
the substrate side. Thereafter, the same mesa process-
ing as that in Embodiment 1 was performed.

[0048] The optical small-signal response characteris-
tics of a directly modulated semiconductor laser fabricat-
ed by using the method described above were measured.
The 3-dB bandwidth of the semiconductor laser is about
15 GHz at the chip temperature of 25°C, and about 8
GHz at 95°C. The threshold current is about 8 mA at the
chip temperature of 25°C, and about 35 mA at 95°C. The
light output power efficiency is about 0.35 W/A at the chip
temperature of 25°C, and about 0.15 W/A at 95°C.
[0049] This embodiment mode deals with the InGaAsP
multiple quantum well (MQW) layer as the active layer
of the laser. However, the present invention is effective
in structures such as a bulk layer and a multiple quantum
well layer in all systems, each having a substrate made
of InP, such as an InP-InGaAsP-InGaAs system and an
InAlAs-InGaAlAs-InGaAs system. Inaddition, even when
the current-blocking buried structure adopts a layer struc-
ture other than those in the above-mentioned embodi-
ments, the same effects are obtained. The semiconduc-
torlaser has been described in the above-mentioned em-
bodiments. However, it is to be understood that the
present invention is effective in not only other semicon-
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ductor devices and single devices such as an optical
modulator, a semiconductor amplifier and a photodiode,
but also integrated devices such as a device having an
optical modulator integrated with a semiconductor laser,
and a device having a semiconductor amplifier and an
optical modulator integrated with each other.

[0050] As set forth hereinabove, this embodiment
mode relates to the semiconductor optical device such
as a semiconductor laser. Thus, even when the surface
becomes the concavo-convex shape after the burying
growth is performed, the over-cladding layer made of the
crystal having the property for flattening the surface is
used, thereby obtaining the contact layer not degrading
the device characteristics.

INDUSTRIAL APPLICABILITY

[0051] The presentinvention is not limited to the sem-
iconductor laser, and thus is effective in not only other
semiconductor devices and single devices such as an
optical modulator, a semiconductor amplifier and a pho-
todiode, but also integrated devices such as a device
having an optical modulator integrated with a semicon-
ductor laser, and a device having a semiconductor am-
plifier and an optical modulator integrated with each oth-
er.

Claims
1. A semiconductor optical device comprising:

a mesa-stripe stacked body including at least a
p-type cladding layer (2), an active layer (4) and
an n-type cladding layer (6) formed on a p-type
semiconductor substrate (1) doped with Zn;

a single burying layer (8) provided on both sides
of said stacked body; and

an n-type over-cladding layer (9) and an n-type
contactlayer (10) disposed on said burying layer
(8) and said stacked body;

wherein said burying layer (8) is a single high-
resistive current-blocking layer made of an InP
crystal doped with Ru, the upper surface of said
current-blocking layer (8) having a substantially
flat region (a,a’) disposed below the topmost
height of the upper surface and above the height
of the topmost layer of said stacked body;
wherein said n-type over-cladding layer (9) is
made of an InP crystal doped with Se having a
property for flattening a concavo-convex shape
of upper surfaces of said current-blocking layer
and said stacked body; and

wherein doping concentration of Se is equal to
or higher than 5 x 1018 cm-3.

2. A method of fabricating a semiconductor optical de-
vice, characterized by comprising the step of:
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forming a stacked body including at least a p-
type cladding layer (2), an active layer (3, 4, 5)
and an n-type cladding layer (6) on a p-type InP
substrate (1) doped with Zn;

processing said stacked body into a mesa stripe-
like shape;

burying a single layer (8) which is a single high-
resistive current-blocking layer and made of an
InP crystal doped with Ru in both sides of said
mesa stripe-shaped stacked body, wherein said
current-blocking layer (8) has an upper surface
with a substantially flat region (a,a’) disposed
below the topmost height of the upper surface
and above the height of the topmost layer of said
stacked body;

forming an over-cladding layer (9) made of an
InP crystal doped with Se to flatten a concavo-
convex shape of upper surfaces of said current-
blocking layer and said stacked body, wherein
doping concentration of Se is equal to or higher
than 5 x 1018 cm™3; and

forming an n-type contact layer (10) on said n-
type over-cladding layer.

3. A method according to claim 2, wherein burying a
single layer in both sides of said mesa stripe-shaped
stacked body comprises growing the current-block-
ing layer (8) directly on the p-type InP substrate.

4. Amethodaccording to any of claims 2 and 3, wherein

forming an over-cladding layer (9) comprises grow-
ing the over-cladding layer (9) directly on the current-
blocking layer (8).

Patentanspriiche
1. Optische Halbleitervorrichtung mit:

einem tafelberg-streifenférmig gestapelten Kor-
per, der zumindest eine Plattierschicht des p-
Typs (2), eine Aktiv-Schicht (4) und eine auf ei-
nem mit Zn dotierten Halbleitersubstrat des p-
Typs (1) gebildeten Plattierschicht des n-Typs
(6) enthalt;

einer einzelnen begrabenen Schicht (8), die auf
beiden Seiten des gestapelten Kérpers bereit-
gestellt ist; und

einer oberen Plattierschicht des n-Typs (9) und
einer auf der begrabenen Schicht (8) und dem
gestapelten Korper angeordneten Kontakt-
schicht des n-Typs (10);

wobei die begrabene Schicht (8) eine einzelne,
Strom blockierende Hochwiderstandsschicht
aus einem mit Ru dotierten InP-Kristall ist, und
die obere Oberflache der Strom blockierenden
Schicht (8) ein im Wesentlichen flaches Gebiet
(a, @’) aufweist, das unterhalb der obersten H6-
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he der oberen Oberflache und oberhalb der H6-
he der obersten Schicht des gestapelten Kor-
pers angeordnet ist;

wobei die obere Plattierschicht des n-Typs (9)
aus einem mit Se dotierten InP-Kristall herge-
stellt ist, der eine Eigenschaft zum Ebnen einer
konkav-konvexen Form von oberen Oberfla-
chen der Strom blokkierenden Schicht und des
gestapelten Koérpers aufweist; und

wobei eine Dotierkonzentration von Se gleich
oder héher als 5x1018 cm-3 ist.

2. Verfahren zur Herstellung einer optischen Halblei-
tervorrichtung, gekennzeichnet dadurch, dass es
die Schritte umfasst:

Bilden eines gestapelten Kérpers, der zumin-
dest eine Plattierschichtdes p-Typs (2), eine Ak-
tiv-Schicht (3, 4, 5) und eine Plattierschicht des
n-Typs (6) auf einem mit Zn dotierten InP-Sub-
strat des p-Typs (1) aufweist;

Prozessieren des gestapelten Kérpers in eine
tafelbergstreifenférmige Form;

Vergraben einer einzelnen Schicht (8), die eine
einzelne, Strom blockierende Hochwider-
standsschicht und aus einem mit Ru dotierten
InP-Kristall hergestellt ist, in beiden Seiten des
tafelberg-streifenférmigen gestapelten Korpers,
wobei die Strom blokkierende Schicht (8) eine
obere Oberflache mit einem im Wesentlichen
flachen Gebiet (a, a’) aufweist, das unterhalb
der obersten Hohe der oberen Oberflache und
oberhalb der Héhe der obersten Schicht des ge-
stapelten Kdrpers angeordnet ist;

Bilden einer oberen Plattierschicht des n-Typs
(9), die aus einem mit Se dotierten InP-Kristall
hergestellt ist, um eine konkav-konvexe Form
von oberen Oberflachen der Strom blockieren-
den Schicht und des gestapelten Koérpers zu eb-
nen, wobei eine Dotierkonzentration von Se
gleich oder hoher als 5x 1018 cm-3 ist; und
Bilden einer Kontaktschicht des n-Typs (10) auf
der oberen Plattierschicht des n-Typs.

3. Verfahren nach Anspruch 2, wobei das Vergraben
einer einzelnen Schicht in beiden Seiten des tafel-
berg-streifenférmigen gestapelten Korpers ein
Wachsen der Strom blockierenden Schicht (8) direkt
auf dem InP-Substrat des p-Typs umfasst.

4. Verfahren nach einem der Anspriiche 2 oder 3, wo-
bei das Bilden einer oberen Plattierschicht (9) ein
Wachsen der oberen Plattierschicht (9) direkt auf der
Strom blockierenden Schicht (8) umfasst.
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Revendications

1.

Dispositif optique a semi-conducteur comprenant :

un corps empilé de ruban mésa comprenant au
moins une couche de gaine de type p (2), une
couche active (4) et une couche de gaine de
type n (6) formée sur un substrat semi-conduc-
teur de type p (1) dopé avec Zn ;

une couche d’enfouissement unique (8) dispo-
sée sur les deux cotés dudit corps empilé ; et
une couche de surgaine de type n (9) et une
couche de contact de type n (10) disposée sur
ladite couche d’enfouissement (8) et ledit corps
empilé ;

dans lequel ladite couche d’enfouissement (8)
est une couche de blocage de courant a résis-
tance élevée unique constituée d’'un cristal de
InP dopé avec Ru, la surface supérieure de la-
dite couche de blocage de courant (8) ayant une
région (a, @’) en grande partie disposée au-des-
sous de la hauteur la plus haute de la surface
supérieure et au-dessus de la hauteur de la cou-
che la plus haute dudit corps empilé,

dans lequel ladite couche de surgaine de type
n (9) est constituée d’un cristal de InP dopé avec
du Se ayant une propriété pour aplatir une forme
concavo-convexe de surfaces supérieures de
ladite couche de blocage de courant et ledit
corps empilé ; et

dans lequel la concentration de dopage de Se
est égale & ou supérieure 8 5 X 1018 cm-3.

2. Procédéde fabrication d’un dispositif optique a semi-

conducteur, caractérisé en ce qu’il comprend I'éta-
pe consistant en :

la formation d’un corps empilé comprenant au
moins une couche de gaine de type p (2), une
couche active (3, 4, 5) et une couche de gaine
de type n (6) sur un substrat de InP de type p
(1) dopé avec Zn ;

la transformation dudit corps empilé en une for-
me de ruban mésa ;

I'enfouissement d’'une couche de blocage de
courant unique (8) qui est une couche a résis-
tance élevée et constituée d’un cristal InP dopé
avec Ru dans les deux cotés dudit corps empilé
en forme de ruban mésa, dans lequel ladite cou-
che de blocage de courant (8) a une surface
supérieure avec une région (a, a’) en grande
partie disposée au-dessous de la hauteur la plus
haute de la surface supérieure et au-dessus de
la hauteur de la couche la plus haute dudit corps
empilé ;

la formation d’'une couche de surgaine (9) cons-
tituée d’'un cristal de InP dopé avec Se pour apla-
tir une forme concavo-convexe de surfaces su-
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périeures de ladite couche de blocage de cou-
rant et dudit corps empilé, dans lequel la con-
centration de dopage de Se est égale a ou su-
périeure 8 5 X 1018 cm-3 et

la formation d’une couche de contact de type n
(10) sur ladite couche de surgaine de type n.

Procédé selon la revendication 2, dans lequel I'en-
fouissement d’'une couche unique dans les deux co-
tés dudit corps empilé en forme de ruban mésa com-
prend la croissance de la couche de blocage de cou-
rant (8) directement sur le substrat de InP de type p.

Procédé selon I'une quelconque des revendications
2 et 3, dans lequel la formation d’'une couche de sur-
gaine (9) comprend la croissance d’une couche de
surgaine (9) directement sur la couche de blocage
de courant (8).
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